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Flavor changing neutral current |∆B| = |∆S| = 1 processes are sensitive to possible new physics at
the electroweak scale and beyond, providing detailed information about flavor, chirality and Lorentz
structure. Recently the LHCb collaboration announced a 2.6σ deviation in the measurement of
RK = B(B¯ → K¯µµ)/B(B¯ → K¯ee) from the standard model’s prediction of lepton universality.
We identify dimension six operators which could explain this deviation and study constraints from
other measurements. Vector and axial-vector four-fermion operators with flavor structure s¯b ¯`` can
provide a good description of the data. Tensor operators cannot describe the data. Pseudo-scalar
and scalar operators only fit the data with some fine-tuning; they can be further probed with the
B¯ → K¯ee angular distribution. The data appears to point towards CNPµ9 = −CNPµ10 < 0, an
SU(2)L invariant direction in parameter space supported by RK , the B¯ → K¯∗µµ forward-backward
asymmetry and the B¯s → µµ branching ratio, which is currently allowed to be smaller than the
standard model prediction. We present two leptoquark models which can explain the FCNC data
and give predictions for the LHC and rare decays.
I. INTRODUCTION
At the tree level the Standard Model (SM) has only
flavor-universal gauge interactions, all flavor-dependent
interactions originate from the Yukawa couplings. The
LHCb collaboration recently determined the ratio of
branching ratios of B¯ → K¯`` decays into dimuons over
dielectrons [1],
RK =
B(B¯ → K¯µµ)
B(B¯ → K¯ee) , (1)
and obtained
RLHCbK = 0.745±0.0900.074 ±0.036 (2)
in the dilepton invariant mass squared bin 1 GeV2 ≤ q2 <
6 GeV2 [2]. Adding statistical and systematic uncertain-
ties in quadrature, this corresponds to a 2.6σ deviation
from the SM prediction RK = 1.0003 ± 0.0001 [3], in-
cluding αs and subleading 1/mb corrections. Previous
measurements [4, 5] had significantly larger uncertainties
and were consistent with unity. Taken at face value, (2)
points towards lepton-non-universal physics beyond the
Standard Model (BSM).
In this work we discuss model-independent interpreta-
tions of the LHCb result for RK , taking into account
all additional available information on b → s`` transi-
tions. We also propose two viable models with lepto-
quarks which predict RK < 1 and point out which future
measurements may be used to distinguish between our
models and other possible new physics scenarios.
The plan of the paper is as follows: In Section II we
introduce the low energy Hamiltonian and relevant ob-
servables for b → s`` transitions. In Section III we per-
form a model-independent analysis and identify higher
dimensional operators that can describe existing data.
In Section IV we discuss two models in which the flavor-
changing neutral current is mediated at tree-level with
the favored flavor, chirality and Dirac structure as deter-
mined by our model-independent analysis. We summa-
rize in Section V.
II. MODEL-INDEPENDENT ANALYSIS
To interpret the data we use the following effective
|∆B| = |∆S| = 1 Hamiltonian
Heff = −4GF√
2
VtbV
∗
ts
αe
4pi
∑
i
Ci(µ)Oi(µ) , (3)
where αe, Vij and GF denote the fine structure constant,
the CKM matrix elements and Fermi’s constant, respec-
tively. The complete set of dimension six s¯b`` operators
comprises V, A operators (referring to the lepton current)
O9 = [s¯γµPLb] [¯`γµ`] , O10 = [s¯γµPLb] [¯`γµγ5`] , (4)
S, P operators
OS = [s¯PRb] [ ¯`` ] , OP = [s¯PRb] [¯`γ5`] , (5)
and tensors
OT = [s¯σµνb] [¯`σµν`] , OT5 = [s¯σµνb] [¯`σµνγ5`] . (6)
Chirality-flipped operators O′ are obtained by inter-
changing the chiral projectors PL ↔ PR in the quark
currents.
Parity conservation of the strong interactions implies
that B¯s → `` decays depend on the Wilson coefficient
combinations C− ≡ C − C ′, whereas B¯ → K¯`` decays
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2depend on C+ ≡ C + C ′. There are no tensor or vector
C
(′)
9 contributions to B¯s → `` decays.
The SM predicts C9 = −C10 = 4.2 at the mb-scale, uni-
versally for all leptons. All other semileptonic Wilson
coefficients are negligible. We can use this fact to sim-
plify our notation: in the following CSM9 and C
SM
10 denote
the SM contributions to C9 and C10 whereas C
NP
9 and
CNP10 denote possible new physics contributions. For all
other Wilson coefficients we omit the NP superscript be-
cause non-negligible contributions are necessarily from
new physics. To discuss lepton-non-universality, we add
a lepton flavor index to the operators and their Wilson
coefficients.1
We continue by listing the most relevant measurements
which provide constraints on the Wilson coefficients. All
errors are 1 σ unless stated otherwise. The average time-
integrated branching fraction of B¯s → `` decays, with
recent data [6, 7] and SM predictions [8] is
B(B¯s → ee)exp < 2.8 · 10−7 , (7)
B(B¯s → µµ)exp = (2.9± 0.7) · 10−9 , (8)
B(B¯s → ee)SM = (8.54± 0.55) · 10−14 , (9)
B(B¯s → µµ)SM = (3.65± 0.23) · 10−9 (10)
resulting in
B(B¯s → ee)exp
B(B¯s → ee)SM < 3.3 · 10
6 , (11)
B(B¯s → µµ)exp
B(B¯s → µµ)SM = 0.79± 0.20 . (12)
Ratios (11), (12) yield model-independent constraints on
B(B¯s→``)
B(B¯s→``)SM = |1−0.24(C
`NP
10 −C`′10)−y`C`P−|2+|y`C`S−|2
yµ = 7.7, ye = (mµ/me)yµ = 1.6 · 103 . (13)
We further employ the B¯ → K¯ee branching ratio recently
measured by LHCb [2]. This is currently the most precise
determination and uses data with 1 GeV2 ≤ q2 < 6 GeV2
B(B¯ → K¯ee)LHCb = (1.56+0.19+0.06−0.15−0.04) · 10−7 ,
B(B¯ → K¯ee)SM = (1.75+0.60−0.29) · 10−7 , (14)
B(B¯ → K¯ee)LHCb
B(B¯ → K¯ee)SM = 0.83± 0.21 . (15)
Here the SM prediction is taken from [9] and in the ratio
we added uncertainties in quadrature and symmetrized.
We also use the branching ratios of inclusive B¯ → Xs``
decays for q2 > 0.04 GeV2 [10]
B(B¯ → Xsee)exp = (4.7± 1.3) · 10−6 ,
B(B¯ → Xsµµ)exp = (4.3± 1.2) · 10−6 , (16)
B(B¯ → Xs``)SM = (4.15± 0.70) · 10−6 , ` = e, µ ,
1 We do not consider lepton flavor violation in this paper.
where the SM prediction is taken from [11].
The observables F `H and A
`
FB in the B¯ → K¯`` angular
distribution
1
Γ`
dΓ`
dcosθ`
=
3
4
(1−F `H)(1−cos2θ )`+
F `H
2
+A`FB cos θ` (17)
are sensitive to S, P and T operators and related to RK
[3]. Here, Γ` denotes the decay rate and θ` the angle be-
tween the negatively charged lepton with respect to the
B¯ in the dilepton center of mass system. When no S, P
or tensors are present2 the angular distribution is SM-
like with F `H , A
`
FB = 0. Current data on F
µ
H and A
µ
FB
are consistent with the SM [12, 13] and provide useful
BSM constraints [9] which we will use in Section III C.
The electron angular observables F eH and A
e
FB have not
been measured yet but they will eventually be important
for distinguishing between different possible BSM expla-
nations of RK .
III. INTERPRETATIONS WITH OPERATORS
We explore which of the four-fermion operators in Eq. (3)
can accommodate the data on RK (2) as well as all the
other b → s``, ` = e, µ constraints. We study (axial)-
vectors, (pseudo-)scalars and tensors in Sections III A,
III B and III C, respectively and summarize in III D.
A. (Axial)-vectors
Following [14], the RK data implies at 1 sigma
0.7 . Re[Xe −Xµ] . 1.5 , (18)
X` = CNP`9 + C
′`
9 − (CNP`10 + C ′`10) , ` = e, µ . (19)
Global fits to radiative, leptonic, and semileptonic
b → s transitions which includes the wealth of recent
B¯ → K¯∗(→ K¯pi)`` data have been performed by sev-
eral groups [15–17] assuming contributions from V,A
and primed operators only. The fits assume lepton-
universality but the dominant data are from hadron col-
liders and hence the results apply to the muonic C
(′)µ
i
coefficients to a very good approximation.
We discuss generic features of the fits. Axial vector op-
erators: All groups find that only small BSM contribu-
tions are allowed Re[CNPµ10 , C
′µ
10] ∼ [−0.4 ... + 0.1]. This
is too small to explain RK without additional contribu-
tions from other operators or from electron modes, see
Eq. (18). Moreover, the contributions with the largest
allowed magnitude, C
(′)µ
10 ∼ −0.4, have the wrong sign
2 More precisely, contributions to F `H from (axial) vectors are pro-
portional m2`/q
2 [3] and too small to be observable given pro-
jected uncertainties for ` = e, µ.
3to help in Eq. (18). Vector operators: Global fits which
also include B¯s → φµµ data [18] indicate sizable contri-
butions from vector operators O
(′)µ
9 . In fact, C
NPµ
9 ∼ −1
is found to have the right sign and magnitude to explain
RK . However, most fits find that C
′µ
9 is of similar size
and opposite in sign so that the contributions to RK in
Eq. (18) cancel. Again, other operators or electrons are
needed. To summarize, at this point the outcome of the
global fits (performed without taking into account RK)
is inconclusive, whether or not BSM physics is preferred
by the data depends on how hadronic uncertainties are
treated and on the data set chosen. While the SM gives a
good fit [17] all groups indicate an intriguing support for
sizable C
(′)NP
9 , triggered by LHCb’s paper [19]. Future
updates including the analysis of the 3fb−1 data set will
shed light on this.
For our UV-interpretation of the data in the next Section
IV it is useful to change from the O(′)`9,10 basis to one with
left- and right projected leptons
O`LL ≡ (O`9 −O`10)/2 , O`LR ≡ (O`9 +O`10)/2 , (20)
O`RL ≡ (O′`9 −O′`10)/2 , O`RR ≡ (O′`9 +O′`10)/2 , (21)
therefore
C`LL = C
`
9 − C`10 , C`LR = C`9 + C`10 , (22)
C`RL = C
′`
9 − C ′`10 , C`RR = C ′`9 + C ′`10 . (23)
If we assume new physics in muons alone we can rewrite
Eqs. (13) and (18) to obtain constraints on the BSM
contributions
0.0 . Re[CµLR + C
µ
RL − CµLL − CµRR] . 1.9 ,
0.7 . −Re[CµLL + CµRL] . 1.5 . (24)
One sees that the only single operator which improves
both constraints is OµLL and a good fit of the above is
obtained with
CµLL ' −1 , Cµij = 0 otherwise (25)
which we adopt as our benchmark point. In terms of the
standard basis, this choice implies CNPµ9 = −CNPµ10 '
−0.5 and CNPµ9 + CNPµ10 = 0. It would be interest-
ing to perform global fits as in [15–17] with this con-
straint to probe how this scenario stacks up against all
|∆B| = |∆S| = 1 data. In particular, all transversity
amplitudes corresponding to ¯`γµ(1 + γ5)` currents (A
R)
in B¯ → K¯∗(→ K¯pi)`` decays in this scenario remain SM-
valued.
A few comments are in order: If B¯s → µµ data had shown
an enhancement (of similar size for concreteness) over
the SM, the preferred one-operator benchmark would
have been CµRL ' −1 with all other coefficients vanish-
ing. In that case the new physics would have to gener-
ate right-handed quark FCNCs instead of SM-like left-
handed ones. This fact that B¯s → µµ is a diagnostic for
the chirality of the quarks in BSM FCNCs makes more
precise measurements of B¯s → µµ especially interesting.
Second, the constraint CNPµ9 + C
NPµ
10 = 0 which is mo-
tivated by SU(2)L-invariance of the UV physics ensures
that the combination Re[C9C
∗
10]/(|C9|2 + |C10|2) remains
invariant, i.e. SM-valued. This is helpful because this
combination enters in the dominant contributions to the
forward-backward asymmetry as well as in the angular
observable P ′5 in B¯ → K¯∗µµ decays at high-q2, where
data are in agreement with the SM [20]. In fact, all high
q2 observables driven by ρ2/ρ1 follow this pattern of Wil-
son coefficients [9] and would remain invariant if CµLL 6= 0
were the sole BSM effect. Third, CµLL < 0 shifts the lo-
cation of the zero which is present in AFB(B¯ → K¯∗µµ)
at low q2 to higher values, also in agreement with current
data.
B. (Pseudo)scalars
Following [3] the RK-data implies for (pseudo-) scalar
contributions at 1 sigma 3
15 . 2Re[CµP+]−|CµS+|2−|CµP+|2+|CeS+|2+|CeP+|2.34 .
(26)
This constraint cannot be satisfied with muon operators
because the coefficients of the quadratic terms enter with
minus signs and the linear term is either too small or
dominated by the quadratic terms. In addition, muon
scalars are subject to the B¯s → µµ constraint (12), (13)
|CµP−| . 0.3 , |CµS−| . 0.1 B(B¯s → µµ) . (27)
The corresponding electron contributions are bounded by
(15). We obtain at 1σ(2σ)
|CeS+|2 + |CeP+|2 . 4 (24) B(B¯ → K¯ee) . (28)
The constraints from inclusive decays (16) are weaker,
and do not involve interference terms
|CeS |2 + |CeP |2 + |C ′eS |2 + |C ′eP |2 . 53 (91) B(B¯ → Xsee) .
(29)
We checked that the available data on inclusive decays in
the bin 1 GeV2 < q2 < 6 GeV2 is even less constraining.
We learn that at 1 σ an explanation of RK by (pseudo-)
scalar operators is excluded. At 2 σ this is an option if
the electron contributions are sizable. However, in this
case one needs to accept cancellations between CeS,P and
C ′eS,P due to the B¯s → ee constraint (11), (13)
|CeS−|2 + |CeP−|2 . 1.3 B(B¯s → ee) . (30)
In any case, a measurement of the flat term F eH in the
B¯ → K¯ee angular distribution (17) would probe this
scenario. This fact, that RK and F
e
H are correlated had
already been pointed out in [3].
3 In the evaluation of the S, P and T, T5 constraints we keep
corrections proportional to a single power of the muon mass.
4C. Tensors
Following [3] the RK-data implies for tensor contribu-
tions at 1 sigma 3
5 . −2Re[CµT ]− |CµT |2 − |CµT5|2 + |CeT |2 + |CeT5|2 . 11 .
(31)
We see that the contributions from muon tensors have
the wrong sign to help satisfy the inequalities. More-
over, their magnitudes are strongly constrained by the
measurement of the flat term in the B¯ → K¯µµ angular
distributions, FµH , see Eq. (17) at LHCb at 95 % CL [9]
|CµT |2 + |CµT5|2 . 0.5 . (32)
Tensor contributions in the electron modes are currently
best constrained by inclusive decays and by (15). We
obtain at 1σ(2σ)
|CeT |2 + |CeT5|2 . 1.1 (1.9) B(B¯ → Xsee) , (33)
|CeT |2 + |CeT5|2 . 1.3 (8) B(B¯ → K¯ee) . (34)
We conclude that the current data on RK cannot be ex-
plained with new physics in tensor operators alone.
D. Summary of model-independent constraints
Excluding solutions which require more than one type of
operator from our list S,P,A,V,T, flipped ones, both lep-
ton species, we obtained three possible RK explanations:
i) V,A muons
ii) V,A electrons
iii) S,P electrons (disfavored at 1 σ and requires can-
cellations, testable with B¯ → K¯ee angular distri-
butions)
In the next section we present example models with
(multi)-TeV mass particles which realize the V,A sce-
narios.
IV. TWO SIMPLE LEPTOQUARK MODELS
Flavor violating current-current operators can be gener-
ated at the tree level by integrating out new particles
with flavor violating couplings. One possibility is a neu-
tral spin-1 particle with flavor-changing quark couplings
and non-universal couplings to muons and electrons [21].
Here we pursue a different avenue and consider a scalar
leptoquark φ. By choosing specific flavor-violating cou-
plings for the leptoquark one can arrange for it to gen-
erate (axial) vector current-current operators which can
explain RK .
We present two models, one with new physics coupling
to electrons (Section IV A) and one with new physics
coupling to muons (Section IV B) .
A. A model with a RL operator for electrons
For example, consider φ to have mass M and transform
as (3, 2)1/6 under (SU(3), SU(2))U(1) with couplings of
the form
L = −λd` φ (d¯PL`) , (35)
where d stands for an unspecified down-type quark (we
will choose both b and s) and ` is a lepton doublet.4
Integrating out φ at the tree level generates the operator
Heff = −|λd`|
2
M2
(d¯PL`) (¯`PRd)
=
|λd`|2
2M2
[d¯γµPRd] [¯`γµPL`] , (36)
where the equality follows from Fierz rearrangement. By
choosing a particular flavor structure in Eq. (35) we can
turn on the Wilson coefficient for the operator which we
desire. We choose two non-zero couplings
L = −λbe φ (b¯PL`e)− λse φ (s¯PL`e) , (37)
to obtain quark-flavor preserving operators and CeRL
Heff = λseλ
∗
be
2M2
[s¯γµPRb] [ ¯`eγµPL`e] . (38)
Comparing to the standard operator basis Eq. (3) this
gives
C ′e10 = −C ′e9 =
λseλ
∗
be
VtbV ∗ts
pi
αe
√
2
4M2GF
= −λseλ
∗
be
2M2
(24TeV)2 (39)
for electrons. We see that we can fit the experimental
value for RK , Eq. (18), with C
′e
9 = −C ′e10 ' 1/2 or
M2/λseλ
∗
be ' (24TeV)2.
We now determine the range of leptoquark masses and
couplings which are allowed by other experimental con-
straints to see if our model is viable.
First off, leptoquarks can be produced in pairs at the
LHC from the strong interactions and if they are within
kinematic reach, they yield easily identifiable ``jj signa-
tures. Current lower bounds on leptoquark masses de-
pend on the flavor of the leptoquark and range from 500
4 Note that the quantum numbers of φ allow it to be the scalar
superpartner of a left-handed quark doublet. Thus the coupling
in Eq. (35) exactly corresponds to one of the R-parity violating
couplings that can be added to the superpotential of the MSSM.
If, for example, φ is a third generation squark doublet, then the
couplings λde in (35) correspond to λ
′
1d3 in the standard R-parity
violation notation where d = 2, 3 for the s and b quark. The mass
M of a 3rd generation squark might be expected to be near the
weak scale in natural supersymmetry or a loop factor above as
in split supersymmetry.
5GeV to 1 TeV [7, 22, 23]. To be conservative in establish-
ing the viability of our scenario we consider M & 1 TeV.
This also evades bounds from single leptoquark produc-
tion at HERA [24]. Consequently, |λseλ∗be| & 2 · 10−3.
Leptoquarks which couple to electrons can mediate t-
channel di-jet production at an e+e− collider. Non-
observation of any deviations at LEP requires
|M/λqe| & 10 TeV , q = s, b (40)
which is also easily satisfied.
Another bound can be derived from Bs mixing. The in-
teractions in Eq. (37) allow a box diagram with electrons
and leptoquarks in the loop which gives rise to an oper-
ator of the form b¯sb¯s with the complex coefficient
λseλ
∗
be
16pi2
λseλ
∗
be
M2
. (41)
Experimentally, the Bs − B¯s mixing phase (defined rela-
tive to the SM phase in the amplitude for the gold-plated
decay) is bounded to be small, 0.00±0.07 [10]. Assuming
a maximal CP phase in λseλ
∗
be this implies the bound
|λseλ∗be| . 0.07 (24TeV)2
(V ∗tsVtb)
2g2
m2W
∼ 4 , (42)
where we also fixed M2/λseλ
∗
be ' (24 TeV)2. It follows
that M . 48 TeV and combining with (40), |λqe| . 5.
In the absence of CP violation, one still obtains a bound
from the mass difference |∆mNPs /∆mSMs | . 0.15 which is
about a factor of two weaker because of hadronic uncer-
tainties [25].
We summarize the approximate boundaries of parameter
space consistent with direct searches, RK and Bs mixing
1 TeV .M . 48 TeV , (43)
2 · 10−3 . |λseλ∗be| . 4 , (44)
4 · 10−4 . |λqe| . 5 . (45)
The last equation limits the hierarchy between the two
couplings λse and λbe.
There is also a constraint from the anomalous magnetic
moment of the electron, which agrees with its SM predic-
tion to a very high precision, ∆ae = −(10.5±8.1) · 10−13
[26]. Our model has a new one-loop contribution to the
magnetic moment which is suppressed by the electron
mass squared because of chiral symmetry
∆ae ∼ |λqe|
2
16pi2
m2e
M2
, q = s, b . (46)
This is much smaller than the present experimental un-
certainty.
Predictions for other modes: b → sνν¯ processes can be
mediated by the two operators
Oν`L/R = [s¯γµPL/Rb] [ν¯`γµ(1− γ5)ν`] (47)
in the low energy theory (3). In the SM
Cν`L |SM = −6.4 , Cν`R |SM ' 0 . (48)
In the leptoquark model the operator OeRL in Eq. (38)
contains OνeR , and we have
CνeR |LQ = C ′e9 = −C ′e10 ' 0.5 , CνeL |LQ = 0 . (49)
This predicts that the branching ratio of B¯ → K¯νν which
is proportional to
∑
ν`
|Cν`L + Cν`R |2 is reduced by 5 per-
cent relative to the SM one. Note the sum over all three
neutrino species but in our scenario only one, νe, has
BSM contributions. On the other hand, the branching
ratio of B¯ → K¯∗νν would be enhanced relative to the
SM by about 5 percent because the dominant term in the
decay rate is proportional to |Cν`L −Cν`R |2 (with some un-
certainty stemming from the relative size of form factors
[27]). The RL leptoquark contribution also enhances FL,
the fraction of longitudinally polarized K∗ in B¯ → K¯∗νν
relative to the SM by about two percent [28]. The de-
cays B¯ → K¯νν and B¯ → K¯∗νν have not been observed
yet. Upper limits on their branching ratios are currently
a factor of 3-4 (K) and 10 (K∗) above the SM predic-
tions. These decays will be studied in the near future
at the Belle II experiment at KEK. The inclusive mode
B¯ → Xsνν is even more challenging experimentally. The
enhancement of its branching ratio in this BSM scenario
is below the permille level.
The RL leptoquark model also induces contribu-
tions to the chirality flipped dipole operator O′7 ∝
mbs¯σµνF
µνPLb through diagrams with the leptoquark
and an electron running in a loop. This contributes
to b → sγ and also to b → s`` decays proportional to
λseλ
∗
be/M
2. This is the same combination of couplings
and masses as in Eq. (38), but suppressed by a loop factor
relative to CeRL ∼ 1. The resulting fraction of “wrong-
sign” helicity photons (relative to the SM process) is then
of the order few percent, in reach of future high luminos-
ity flavor factories with 75ab−1 [29]. More detailed study
is needed to understand whether these “wrong helicity”
photon events from new physics can be separated from
the respective “wrong helicity” SM background, which
arises at a similar level, i.e. suppressed by ms/mb rela-
tive to the dominant SM helicity at quark level. This is
beyond the scope of our work.
B. A model with a LL operator for muons
We already showed in Section III A that the single muonic
operatorOµLL can simultaneously explain both deviations
in RK and B¯s → µµ. In fact, since the leptoquarks which
we are considering are scalars, and since scalars (like the
Higgs) might be expected to couple more strongly to the
2nd generation than to the 1st, it is natural to expect that
the Wilson coefficients for muonic operators dominate
over those for electrons.
6To construct a leptoquark model for OµLL, note that it
must involve both left-handed quarks and leptons. Thus
we write
L = −λbµ φ∗ q3`2 − λsµ φ∗ q2`2 , (50)
where qi is the i-th generation left-handed quark dou-
blet and `i is the i-th generation left-handed lepton
doublet. These couplings require the leptoquark φ to
have (SU(3), SU(2))U(1) quantum numbers (3, 1)−1/3
or (3, 3)−1/3, depending on how the SU(2) indices in
Eq. (50) are contracted. The (3, 1)−1/3 leptoquark cou-
ples down-type quarks only to neutrinos; it cannot gen-
erate the decays to muons that we are interested in. We
therefore consider the (3, 3)−1/3 which mediates FCNCs
with |∆B| = |∆S| = 1 decays to muons as well as to
neutrinos.
Integrating out the leptoquark and Fierz rearranging, we
obtain flavor-preserving four-Fermi terms as well as
Heff = −
λ∗sµλbµ
M2
(
1
4
[q¯2τ
aγµPLq3] [ ¯`2τ
aγµPL`2]
+
3
4
[q¯2γ
µPLq3] [ ¯`2γµPL`2]
)
(51)
where τa are Pauli matrices contracted with the SU(2)L
indices of the fermions. Since the fermions are SU(2)L
doublets, these operators contain several different flavor-
contractions for up- and down-type quarks, muons and
muon neutrinos. In addition to the FCNC for b → sµµ
which was the goal of the model we also obtain 3 others
[s¯γµPLb] [µ¯γµPLµ] ,
1
2
[s¯γµPLb] [ν¯µγµPLνµ] ,
1
2
[c¯γµPLt] [µ¯γµPLµ] , [c¯γ
µPLt] [ν¯µγµPLνµ] , (52)
all with the same coefficient. The two operators involving
top quarks mediate top FCNC decays. Fixing the overall
coefficient of the operator to explain the RK data, the
top quark FCNC branching fraction is about 10−11, far
too small to be observable.
Moving on to the operator for b decays to muons, we
obtain
CNPµ9 = −CNPµ10 =
pi
αe
λ∗sµλbµ
VtbV ∗ts
√
2
2M2GF
' −0.5 , (53)
where the last equality corresponds to the choice of Wil-
son coefficients which we determined as our benchmark
point in Section III A. Solving for the combination of free
parameters in the model we find that we must choose
M2 ' λ∗sµλbµ(48 TeV)2.
Constraints on the parameter space of this model are very
similar to the constraints of the electron model discussed
in Section IV A. There is a bound from leptoquark pair
production at the LHC, a bound from Bs mixing, and
a bound from g − 2 of the muon. These bounds are all
easily satisfied for leptoquark masses between 1 and 48
TeV and
√
|λ∗sµλbµ| 'M/(48 TeV).
From Eq. (52) we see that the neutrino operator OνµL is
induced such that
C
νµ
R |LQ = 0 , CνµL |LQ = CNPµ9 /2 ' −0.25 . (54)
This implies that the B¯ → K¯(∗)νν and B¯ → Xsνν
branching ratios are enhanced by 3% whereas there is
no effect on FL.
In addition, there is a 1-loop induced contribution to the
electromagnetic dipole operator O7 ∝ mbs¯σµνFµνPRb.
Given CµLL ∼ −1, it implies an order few percent cor-
rection to the SM Wilson coefficient of O7. Besides in
the global |∆B| = |∆S| = 1 fits, this could be probed
e.g. with the b → sγ branching ratio or the location
of the zero of AFB(B¯ → Xs``). Future high luminosity
flavor factories (with 75ab−1) are close to matching the
requisite experimental precision [29].
V. SUMMARY
Flavor physics can provide clues for physics at the weak
scale and beyond. In this article we studied BSM physics
that can affect the ratio RK . A value of RK which dif-
fers from one would be a clean indication for lepton-
non-universal BSM physics which affects b → see and
b → sµµ transitions differently. Unlike the individual
B¯ → K¯``, ` = e, µ branching fractions, RK is essentially
free of hadronic uncertainties, notably form factors.
Anticipating that the current experimental situation
holds up and a value of RK significantly smaller than
one is confirmed, we explore possible new physics ex-
planations. Interpretations with bs`` tensor operators
are already excluded by current data. Interpretations
with (pseudo-)scalar operators are disfavored by data on
B¯s → ee, B¯s → µµ and B¯ → K¯ee decays. However,
a fine-tuned possibility still survives which requires the
simultaneous presence of OeS,P and the chirality-flipped
Oe′S,P . This scenario can be tested with an angular anal-
ysis of B¯ → K¯ee decays.
(Axial)-vector operators can provide an explanation of
the RK measurement (2). The effect could come from
new physics coupling to muons, or electrons, or a combi-
nation thereof as in Eq. (18) [14]. In the near term, high
statistics analyses of B¯ → K¯(∗)µµ and related decays at
LHC(b) should clarify the situation in the muon channel.
We stress that the chiral nature of the SM fermion moti-
vates the expectation that dimension six operators from
new physics may be simplest in a chiral basis. We pro-
pose that global fits with chiral SU(2)L-invariant lepton
currents be performed. It seems reasonable to assume
that a single chiral operator dominates so that the fit
includes only a single parameter (the coefficient CXY of
one of the OXY with X,Y ∈ L,R). In the standard ba-
sis this would mean that one turns on only two of the 4
operators O(′)9,10 with one of the constraints
CNP`9 = ±CNP`10 , CNP′`9 = ±CNP′`10 . (55)
7We constructed two simple “straw man” models with lep-
toquarks as examples for UV completions to the four-
fermion operators with either muons or electrons.
We stress that the possibility of lepton-non-universal new
physics strongly motivates related BSM searches: those
with decays to ditau final states b→ sττ and those with
decays to SU(2)L-partners, b → sνν. We give predic-
tions for di-neutrino modes, promising for the forthcom-
ing Belle II experiment, in Section IV.
We further highlight Belle’s preliminary results for the
branching ratios of inclusive decays [30],
B(B¯ → Xsee)Belle = (4.56± 1.15+0.33−0.40) · 10−6 ,
B(B¯ → Xsµµ)Belle = (1.91± 1.02+0.16−0.18) · 10−6 (56)
with q2 > 0.04 GeV2. These branching ratios exhibit a
similar enhancement of electrons versus muons as for RK ,
although within sizable uncertainties: RBelleX = 0.42 ±
0.25. On the other hand, BaBar has obtained branching
ratios in the same q2-range (but with larger uncertainties
[10]) which are consistent between electrons and muons
B(B¯ → Xsee)Babar = (6.0± 1.7± 1.3) · 10−6 ,
B(B¯ → Xsµµ)Babar = (5.0± 2.8± 1.2) · 10−6 . (57)
We used a combination of (56) and (57) as input for our
analysis (16). It would be desirable to obtain improved
data on RX , with lepton cuts corrected for [31], to clarify
this situation.
In addition, we emphasize that a high q2-measurement
of RK would be desirable to confirm or disprove lepton-
non-universality in b→ s decays.
Finally, if the leptoquarks are sufficiently light, then they
can be produced in pairs at the LHC. It is natural to
assume that the leptoquark couplings to to 3rd genera-
tion quarks might be larger than those to 2nd generation
quarks, i.e. λb` > λs`. Then one expects decays to 1st
and 2nd generation leptons with 3rd generation quarks.
The two leptoquarks in the SU(2) doublet of the RL
model decay as
φ2/3 → b e+ , φ−1/3 → b ν (58)
whereas the three leptoquarks in the SU(2) triplet of the
LL model decay as
φ2/3 → t ν
φ−1/3 → b ν , t µ−
φ−4/3 → b µ− (59)
We emphasize that the resulting final states are currently
not covered by most leptoquark searches because it is
usually assumed (without theoretical basis) that lepto-
quark couplings involve only quarks and leptons of the
same generation. But our φ scalars are neither 1st, 2nd,
nor 3rd generation leptoquarks!
Note added: During the preparation of our manuscript
preprint [32] appeared which also points out relations
imposed by SU(2) × U(1) invariance in the analysis of
b→ s`` processes.
Acknowledgments
We are happy to thank Wolfgang Altmannshofer for use-
ful discussions. This work is supported in part by the
Bundesministerium fu¨r Bildung und Forschung (GH) and
by the US Department of Energy (MS). We are grateful
to the Aspen Center for Physics where this project was
initiated for its hospitality and stimulating environment.
[1] G. Hiller and F. Kruger, Phys. Rev. D 69, 074020 (2004)
[hep-ph/0310219].
[2] R. Aaij et al. [ LHCb Collaboration], arXiv:1406.6482
[hep-ex].
[3] C. Bobeth, G. Hiller and G. Piranishvili, JHEP 0712,
040 (2007) [arXiv:0709.4174 [hep-ph]].
[4] J. -T. Wei et al. [BELLE Collaboration], Phys. Rev. Lett.
103, 171801 (2009) [arXiv:0904.0770 [hep-ex]].
[5] J. P. Lees et al. [BaBar Collaboration], Phys. Rev. D 86,
032012 (2012) [arXiv:1204.3933 [hep-ex]].
[6] CMS and LHCb Collaborations, CMS-
PAS-BPH-13-007, LHCb-CONF-2013-012,
http://cds.cern.ch/record/1564324.
[7] J. Beringer et al. [Particle Data Group Collaboration],
Phys. Rev. D 86, 010001 (2012).
[8] C. Bobeth, M. Gorbahn, T. Hermann, M. Misiak, E. Sta-
mou and M. Steinhauser, Phys. Rev. Lett. 112, 101801
(2014) [arXiv:1311.0903 [hep-ph]].
[9] C. Bobeth, G. Hiller and D. van Dyk, Phys. Rev. D 87,
034016 (2013) [arXiv:1212.2321 [hep-ph]].
[10] Y. Amhis et al. [Heavy Flavor Averaging Group Col-
laboration], arXiv:1207.1158 [hep-ex], online update at
http://www.slac.stanford.edu/xorg/hfag
[11] A. Ali, P. Ball, L. T. Handoko and G. Hiller, Phys. Rev.
D 61, 074024 (2000) [arXiv:hep-ph/9910221]; A. Ali,
E. Lunghi, C. Greub and G. Hiller, Phys. Rev. D 66
(2002) 034002 [arXiv:hep-ph/0112300].
[12] R. Aaij et al. [LHCb Collaboration], JHEP 1302, 105
(2013) [arXiv:1209.4284 [hep-ex]].
[13] R. Aaij et al. [LHCb Collaboration], JHEP 1405, 082
(2014) [arXiv:1403.8045 [hep-ex]].
[14] D. Das, G. Hiller, M. Jung and A. Shires,
arXiv:1406.6681 [hep-ph].
[15] S. Descotes-Genon, J. Matias and J. Virto, Phys. Rev. D
88, no. 7, 074002 (2013) [arXiv:1307.5683 [hep-ph]].
[16] W. Altmannshofer and D. M. Straub, Eur. Phys. J. C
73, 2646 (2013) [arXiv:1308.1501 [hep-ph]].
[17] F. Beaujean, C. Bobeth and D. van Dyk, arXiv:1310.2478
[hep-ph].
[18] R. R. Horgan, Z. Liu, S. Meinel and M. Wingate, Phys.
8Rev. Lett. 112, 212003 (2014) [arXiv:1310.3887 [hep-
ph]].
[19] R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett.
111, no. 19, 191801 (2013) [arXiv:1308.1707 [hep-ex]].
[20] C. Hambrock, G. Hiller, S. Schacht and R. Zwicky, Phys.
Rev. D 89, 074014 (2014) [arXiv:1308.4379 [hep-ph]].
[21] W. Altmannshofer, S. Gori, M. Pospelov and I. Yavin,
arXiv:1403.1269 [hep-ph].
[22] CMS Collaboration [CMS Collaboration], CMS-PAS-
EXO-12-041.
[23] G. Aad et al. [ATLAS Collaboration], JHEP 1306, 033
(2013) [arXiv:1303.0526 [hep-ex]].
[24] K. Wichmann [ZEUS Collaboration], PoS ICHEP 2012,
145 (2013).
[25] A. Lenz and U. Nierste, arXiv:1102.4274 [hep-ph].
[26] G. F. Giudice, P. Paradisi and M. Passera, JHEP 1211,
113 (2012) [arXiv:1208.6583 [hep-ph]].
[27] G. Buchalla, G. Hiller and G. Isidori, Phys. Rev. D 63,
014015 (2000) [hep-ph/0006136].
[28] W. Altmannshofer, A. J. Buras, D. M. Straub and
M. Wick, JHEP 0904, 022 (2009) [arXiv:0902.0160 [hep-
ph]].
[29] D. G. Hitlin, C. H. Cheng, D. M. Asner, T. Hurth,
B. McElrath, T. Shindou, F. Ronga and M. Rama et
al., arXiv:0810.1312 [hep-ph].
[30] Toru Iijima, for the Belle collaboration, Talk at the XXIV
International Symposium on Lepton Photon Interactions
at High Energies (Lepton-Photon 2009), August 17-22,
2009, Hamburg, Germany.
[31] T. Huber, T. Hurth and E. Lunghi, Nucl. Phys. B 802,
40 (2008) [arXiv:0712.3009 [hep-ph]].
[32] R. Alonso, B. Grinstein and J. M. Camalich,
arXiv:1407.7044 [hep-ph].
